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The tffie of the invention has been emended (Gukteflnes for Exa minat io n In the EPO. A-ln\ 7-3). 

^) AuliwiurtsfaJo pr ocess for nudeoPde s eq u e nc tna^ 

This Invention f fcfa lbs to a method for deiennWno, the 
nucleotide sequence of DNA end RNA molecules. The method 
Is automatable and avoids the use of radfoecUve labels and pel 
electrophoresis. The method Is also adaptable for fertfroducfrtg 
$ftB*speci6c mutations to DNA and RNA molecules. 
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Description 



AUTOMATABLE PROCESS FOR SEQUENCING NUCLEOTIDE 



1. FIELD OF THE INVENTION 

This Invention relates to a new method for 5 
determining the base sequence of either DNA or 
RNA- The method of the invention is automatable 
end does not require the use of radioactive labels. 
The method may also be used to alter the sequence 
of a DNA or RNA molecule at a specific site, thus 10 
providing for site-specific mutagenesis of the mole- 
cule. 



2. BACKGROUND OF THE INVENTION 

DNA is a long threadlike macromolecuf e compris- 
ing a chain of deoKyrtoonucleotides. Similarly, RNA 
is composed of a chain of rfbonucleotkies. A 
nucleotide consists of a nucleoside. Le M a nitrogen- 
ous base Bnked to a pentose sugar, and one or more 
phosphate groups which is usually esterffied at the 
hydroxy! group attached to 0-6 of trie pentose sugar 
<Ino3cated as 5? of trie mjcrfeoaide.^ 
are called nucleoside Diphosphates or y-nucteo- 
tides. In a molecule of DNA the pentose sugar is 
deoxyrfeose, whereas in a molecule of RNA the 
pentose sugar is rfoose. The nitrogenous base can 
be a purine Derivative such as adenine or guanine, or 
a pyrimloTne derivative such as cytc^me, thymine (in 
deoxYrfottttideolio^ 

Thus, the major nucleotides of DNA are deoxya- 
tenostoe ^-triphosphate (dATP), deoxyguanosine 
^-triphosphate <dGTP>. oeoxycytiolne ^-triphos- 
phate (dCTF). and decocytrrymkfine 5Mrtphosphate 
(dTTF). The major nucleotides of RNA are adenosine 
^triphosphate (ATP), guanosme SMrfohosphate 
(OTP), cytkfne S^trirjhosphate (CTP) and uridine 
^-triphosphate (UTP). 

The sequence of the purine and rjyrimkflne bases 
of the DNA or RNA molecule encodes the genetic 
Information contained in the molecule. The sugar 
and phosphate groups of a DNA or RNA molecule 
perform a structural role, forming the backbone of 
the rracmnicteciile/Spe<rflka»y t tf» sugar moiety of 
each nucleotide is Bnked by a phosphoolester bridge 
to the sugar moiety of the adjacent nucleotide as 
follows: the 3*-hydrooyt of the pentose of one 
nucleotide Is Joined to the SMrydroxyt of the pentose 
of the adjacent nucleotide by a phosphoolester 
bond. One terminus of the nucleotide chain has a 
5*-hydroxyl group and the other terminus of the 
nucleotide chain has a 3Mtydroxyt group; thus the 
nucleotide chain has a polarity. By convention, the 
base sequence of nucleotide chains are written in a 
5* to 3" direction. 

The formation of the phosphoolester bonds 
between deocyrfconucieotidas is catalyzed by the 
enzyme DNA polymerase. DNA polymerase requires 
the following components to catalyze the synthesis 
of a chain of DNA: & template strand (ejj. a 
single-stranded DNA molecule), a primer (La*, a 
short DNA or RNA chain with free 3'-hydroxyl group, 
that is hybridized to a specific site on the single- 
stranded template), and activated deoxyribonucleo- 
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tide precursors (Le^ nucleoside ^-triphosphates or 
dNTPs). Elongation of the primer stand, catalyzed by 
DNA polymerase., proceeds In the 5* to 3* direction 
along the template. The reaction occurs by means of 
nucteophmc attack of the 3*-bydroxyl terminus of the 
primer on the innermost ptiosphorous atom of the 
incoming nucleotides; a phosphodtester bridge is 
formed and pyrophosphate Is released. DNA 
polymerase catalyzes the formation of a phospho- 
dJester bond only if the base of the incoming 
nucleotide Is cc^npleTnerrtary to the base of the 
nucleotide on the template strand; that is. the 
Incoming nucleotide must form the correct Watson- 
Crick type of base-pair with the template. Thus. DNA 
polymerase is a template- directed enzyme. Reverse 
transcriptase is also a ternptete-o^ected DNA 
porymerase, but requires RNA as Its template. 
Another enzyme, RNA polymerase, catalyzes the 
polymerization of activated rfoonudeotide precur- 
sors that are compl emen t ar y to the DNA template. 
Some polymerases, such as E. coH DNA polymerase 
I and T4 DNA poryinerase. also have 3* to 5* 
exonuclease activity that acts on unpaired termini 
This 3* to 5' exonuctease activity serves a •proof- 
reading" function by removing mispaired bases 
before pofymertzatton continues; le^ the mispaired 
bases are edited out of the elongating strand. 

2.1. DNA SEQUENCING 

A number of different procedures are currently 
used to determine the base sequence of DNA of 
RNA molecules. Whfle the approaches vary con- 
siderably, every one of the methods currently used 
has the following common elements: (a) a method 
for pi odu c tng a population of radioactive poly- 
nucleotides In which each molecule has one 
common terminus (either 5* or 3*); 

(b) a method for producing froin this popula- 
tion of radioactive polynucleotides an array of 
porymicleotides with one common terminus but 
varying in length at the other terminus In 
i f tu amen ta of a single base: and 

(c) a method for ordering the population of 
ffwfecules by size,, usually by electrophoretJc 
separation fci a high-resolution denaturing pory- 
acryfamide gel from which an autpcadtograph Is 
prepared. The sequence is deduced from the 
resulting "bands* or "ladders* on the autoradio- 
gram. 

Specific sequencing methods are discussed in the 
subsections that follow.* 

2.1.1. PUJS/MJNUS DNA SEQUENCING METHOD 
The plus/minus DNA sequencing method {Sanger 
and Ceotson. 1975. J. MoL Biol. 94: 441-448} Involves 
the fofiowing: 

DNA polymerase Is first used to elongate a primer 
oligonucleotide and copy the template in the 
presence of the four activated nucleotide precur- 
sors, one of which is labeled with ^P. Ideally, the 
synthesis is nort*syrtchronous and as random as 
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possible, so that the maximum number of aOgnucte- 
otldes of different length, ai) starting from the primer, 
are formed. Excess urtreacted nucleotides are 
removed and the mixture of DNA strands b divided 
in two. One half Is treated according to the "Minus' 5 
System and the other according to the *Ptus" 
System, as described below: 

(a) The "Minus" System: The mixture of 
random length radloiabeJed oflgonucteottdes, 
which are stm hybrkfized to the template DNA, to 
is cflvtded into tour separate reaction mixtures 

and relncubated with DNA polymerase In the 
presence of three activated nucleotide precur- 
sor, that Is one of the four nucleoside 5-tri- 
phosphosphates is rrrfssing from each reaction 15 
mixture. Elongation of each chain wffl proceed 
as far as it can along the template; In other 
words, each chain wffl terminate at its 3* end at a 
position before the site of incorporation of the 
missing residue. For example, In the -A system, 20 
dATP Is the nucleotide missing from the 
reaction mixture and each chain wffl terminate 
at its 3' end at a position before a dATP residue 
would be incorporated into the growing chain. 
Therefore, at the end of the Incubation period 25 
each reaction mixture wffl contain a population 
of DMA molecules each having a common 5* 
temtou* brt varying in len^ 
The racflotebeted nucleotides of varying lengths 
in each reaction mixture are fractionated ac* 30 
confing to size by electrophoresis ^ 
ing poryacrylarntde get; each reaction mixture is 
fractionated in a separate lane. The relative 
position of each residue along the DNA may be 
located and the sequence of DNA may be 35 
deduced from the autorocflograph of the result- 
ing get This system alone is usually not 
sufficient to establish a sequence, so a second 
stmBar system, the Pius System, described 
bolow.lsnoimatyusedjnconJuTC 40 

(b) The *Ftus* System: The mixture of 
random length radiolabeled oligonucleotides, 
which are stB hybridized to the template DNA is 
divided into four separate reaction mixtures 
each of which is relncubated with DNA polymer- 45 
ase in the presence of only one of the tour 
activated nucieotide precursor. For example. In 

. the +A system only dATP Is present In the 
reaction mixture. Whfle the population of DNA 
molecules each has a common 5* terminus, all so 
the chains wffi have varying lengths that termi- 
nate with deoxyadenoslne residues. The posi- 
tions of the dATP residues wffl be Indicated by 
bands on the autoradiograph obtained after 
fractionating the DNA chains In each reaction 55 
mixture according to size by ele ctrop hore sis In 
a denaturing poryacrytamkte gel; each reaction 
mixture Is fractionated In a separate jane. 
Usuafiy these wffl be ofigonucteotide products 
that are one residue larger than the. cone- go 
spondthg bands In the -A system, but W there is 
more than one consecutive dAPT residue, the 
Distance between the bands in the -A and +A 
systems win indicate the number of such 
consecutive residues. 65 



In order for the plus/minus system to yield reliable 
results various criteria must be satisfied. For 
instance, afl DNA fragments must have the same 5' 
terminus and the KJenow fragment of DNA polymer- 
ase must be usedln order to eliminate ore 5* 
exonuciease activity of DNA polymerase. Further- 
more, ft is essentia! that the- nucleotides are' 
fractionated according to size. Ideally, oligonucleo- 
tides of afi poss&te lengths should be present in the 
tntttal reaction mixture so that afi i residues are 
represented In the phis and minus systems, how- 
ever. It is dWfteutt to achieve this because certain 
products are formed in relatively high yield whereas 
others are absent It has been suggested that the 
polymerase acts at different rates at different sites or 
that this effect is partly related to the secondary 
structure of the template. While Sanger et at., supra, 
report that best results are obtained if synthesisTs 
carried out for short times with a relatively high 
cortcentratton of polymerase, frequently some ex- 
pected products are missing. This constitutes a 
firrdtaocn of the method and is one reason why It is 
necessary to use both the pius and minus systems. 
Consecutive runs of a gfven nucleotide present the 
main difficulty when using the plus/minus method of 

2.1.2, DiDEOXT CHAIN TERMINATION METHOD 

The "dTdeoxy* chain termination DNA sequencing 
method of Sanger et aL 1977, Proc NatL Acad. ScL 
U.SA. 74: 5463, also makes use of theabBity of DNA 
polymerase to synthesize a complementary radio* 
' labeled copy of a single stranded DNA template 
hybridized to a short DNA primer. The synthesis is 
carried out in the presence of afl four deoxynucieo- 
side ^-triphosphates (dNTPs). one or more of which 
is labeled with the s*p» and a 2\3*-d3deoxynucteoslde 
triphosphate analog of one of the four dNTPs. Four 
separate Incubation mixtures are prepared each of 
which contains only one of the four d?deoxynucieo- 
tide analogs. Once me analog is i ncorporated, the 3* 
end of the growing chain is no longer a substrate for 
DNA polymerase and thus cannot be elongated any 
further. At the end of the Incubation period each 
reaction mixture wSD contain a population of DNA 
molecules having a common 5* terminus but varying 
in length to a nucleotide base-specific 3" terminus. 
Each population of DNA molecules Is then dena- 
tured and fractionated according to size by gel 
electrophoresis; each reaction mixture Is fraction- 
ated in a separate lane. Autoradiography of the gel 
allows the sequence to be deduced. 

The use of the single-stranded bacteriophage M13 
to obtain multiple copies of the DNA sequence of 
interest and its "universal primer* sequence has 
greatly enhanced the usefulness of the didsoxy 
chain termination DNA sequencing method. How- 
ever, the method a bsolutory requires fractionation of 
the DNA products by size and thus involves gel 
electrophoresis. 

2-1.3* MAXAM-G1LBEHT METHOD 

The Maxam-GBbert method of DNA sequencing Is 
a chemical sequencing procedure (Maxam and 
Gilbert. 1977, Proc NatL Acad. ScL USA 74: 560). 
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After radfoactfvefy labeling either the 3* or the 5* 
terminus of a discrete DMA fragment, aBquots of the 
DMA are placed in four separate reaction mixtures* 
each of which partially cleaves the DNA in a 
base-specific manner. The resulting population of 5 
DNA In each reaction mixture is then denatured and 
fractionated according to size by gel electro- 
phoresis; each reaction mixture Is fractionated in a 
separate lane, the DNA sequence is deduced from 
the ladders which appear on the resulting autoraolo- 10 
gram. 

2.1 A RNA SEQUENCE DETERMINATION 

The major RNA sequence analysis strategies 
employ 5* and 3* terminal iabefing protocols (Eng- 15 
land and Uhlehbeck, 1S78, Nature 275: 561). Subse- 
quent to racfioiabe&ng, the RNA molecules are 
fragmented using base-specific RNases or chemi- 
cals. SimBarty to the DNA sequencing methods, each 
population of ofigorfiOcffiucleotides is fractionated by 2D 
size via high resolution electrophoresis in a denatur- 
ing potyacrytamide get The sequence Is then 
deduced from the autoracfiogram corresponding to 
the gel. 

25 

2.13. AUTOMATION OF SEQUENCING 

Some major drawbacks to the sequencing meth- 
ods described above are that they are tabor 
Intensive, time consuming and not reacHy ante* 
mated. Current at te m p t s at automation involve the so 
use densitometer to 'read^ 
thebantecrlado^ontheaut^^ 
techniques require that the gel tones be straight and 
also require careful monitoring by the operator. 

35 

Z2. STTE SPECIFIC MUTAGENESIS . 

Methods currently used to imrtagenize DNA 
Include in vtvo techniques which Involve tr e atmen t 
with mutagens such as alkylating agents, mttoroycin 

wiring reflation or uftravloietracgation^or mvltrb 40 
techniques such as deletion loop mutagenesis 
Induced by bisulfite. However, these methods are 
mceV to yield multiple-base substitutions m a 
non-specific manner. 

Several methods have been developed to gener- 45 
ate specific base substitutions at selected sites In 
DNA. (For a brief review of the methods used, see 
Zakour at aL, 198*. Nuctefes Adds Research 12(9 
6615-6628 and Abuzua et aU 1984. Proa Natl. Acad. 
Sd. 81: 2030-2034) One method Involves inserting 50 
Into a viral DNA template or recombinant DNA a 
synthetic c4gc*ucJeotfde which encodes a pre-se- 
lected change in fts nucleotide sequence. This 
method Is efficient and can produce anytypeof base 
substitution mutation but each different mutation 55 
that Is Introduced requires the synthesia of a unique 
offgcfludeotide which encodes the mutation and is 
complementary to the cohesive ends whteh must be 
generated on the viral or recombinant DNA. 

A second method (Shortie et aU 1380, Proa NatL 60 
Acad. Set USA 77: 53756379) mvolvestrttoductnga 
smaD single-strand gap in the DNA molecule 
followed by mis-repair DNA synthesis: la, the 
mis^ncorporation of a ncn-cpjnplernentary nucleo- 
tide in' the gap. The incorporation of a-thicrf nudeo- 65 



tides into the gap minimizes the excision of the 
mm-complementary nucleotid . When deoxyrfo nu- 
cleoside (l-tWo)-trfphosphate analogs contaming a 
sufur atom in place of oxygen on the phosphorous 
are used as substrates for the synthesis of a DNA 
strand that is complementary to a template DNA, the 
analog is incorporated as a thjoinonoprtc^phaie at 
rates simBar to those of corresponding unmodified 
nu cleosi de triphosphates. However, the phosphoro-- 
thlate Is not hydroiyzed by the 3* to 5* exonudease 
activity of either E. con DNA polymerase I orT4 DNA 
polymerase and, therefore, the rntspalred base is not 
edited out Abarzua et aL (1984, Proc NatX Acad. 
Set 81: 2030-2034) report a modification of this 
technique using a gapped circular DNA constructed 
by annealing viral single-stranded circular DNA with 
a mixture of linear duplex DNAs mat have had their 
3*-hydroxyl termini processtvery digested with E. col? 
exonudease ftt under conditions In . which the 
resulting, newly generated 3Mvydroxyl termini pres- 
ent in the various hybrid molecules span trie region 
of Interest Base changes are induced by Incorpora- 
tion of mis-matched 2-thlodeoxyrlboniJcleoside tri- 
phosphate analogs, foBowed by DNA repair syn- 
thesis. 

A third method used Is based oh trie Infidelity of 
certain DNA polymerases and involves trie extension 
off a primer by a rion-proof^ 
In the presence of a single non^xtfrtpterherrtary 
deoxymicleotlctetrfphos^ 

Is completed by a highly accurate DNA polymerase 
In the pr e senc e of all four deoxyribonticieoticie 
substrates. In a rrK>dfflcation of this method, Zakour 
et al. (1984. Nucleic Adds Research 12(16): 
6615-6628} used T4 DNA polymerase to elongate 
primer termini to a position Immediately adjacent to 
two dffierent preselected positions on ?X174 tem- 
plates. Then, the error-prone DNA polymerase from 
avian myeloblastoma virus was used to insert single 
ricn-complementary nucleotides at the designated 
positions with high' efficiency 

3. SUMMARY OF THE INVENTION 

This Invention pte se n la a new automatable 
method for sequencing DNA or RNA that does not 
require radioactivity or gel electrophoresis. The 
method may also be used to accompBsh the 
stte-spetific mutagenesis of any DNA or RNA 
molecule. 

The sequencing method of the present Invention 
mvotves adding an activated nucleotide precursor (a 
nucleoside 6"-triphc*sphate) having a known ni- 
trogenous base to a reaction mixture comprising a 
primed single-stranded nucleotide template to be 
seo^jencedandafenvplate-dfrectedp 
reaction conditions are adjusted to allow fe*»rporar* 
Hon of the nucleotides precursor only If It b 
coinplementary to the single-stranded template at 
the site located one nucleotide residue beyond the 
3* terminus of the primer. After aSowing sufficient 
time for the reaction to occur, the reaction mixture is 
washed so that unin co rpora te d precursors are 
removed whfle the primed template and polymerase 
are retained in the reaction mixture. The wash or 
effluent Is assayed for the incorporation of precur- 
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sors- The methods which may be used to detect 
unincorporated precursors In the effluent include 
but are not limited to spectroscopic methods, 
radioactive labeling and counting, etectrochernteaJ. 
and c&nductrvfry methods. The detection of ail of the 
of nucleotide precursor in the effluent that was 
added to the reaction mixture indicates that the 
added precursor was not irtcorporated into the 
growing chain and, therefore. Is not part of the 
nucleotide sequence. If less nucleotide precursor Is 
detected In the effluent than was added, however, 
this indicates that the added precursor was incor- 
porated Into the growing chain and, therefore* Is the 
next nucleotide of the sequence. 

The sequencing method of the present invention 
is readBy automatic. For example, the reaction 
chamber may be attached to five reservoirs - one of 
each nucleotide precursor and one for a wash 
buffer- that feed Into the chamber. The reaction 
chamber should also have an outlet which feeds the 
effluent into the detection Instrument used forthe 
assay; for example , a spectrophotometer, a sdntflJa- 
tion counter. Geiger^Mufier counter, conductivity or 
electrochemical cell, etc Ideafly, the assay instru- 
ment and the veJves that regAtote the Wet and outlet 
of the . reaction chamber can be controfied by a 
computer which Is programmed to select the 
particular nucleotide precursor to be added to the 
reaction mixture, to record the Instrument reading of 
the* effluent, and to determine and record which 
nucleotides were irtcoiporaied Into the growing 
chain, thus ultimately providing a print-out of the 
nucleotide sequence* 

The sequencing method of the present Invention 
has a number of advantages over existing methods: 

(a) radtoactive labels' are not required (af- 
though they may be used) ; 

(b) fractionation of potyhuctertides by size is 
not required, 

(c) gel electrophoresis fe not required there- 
fore, the sequence need not be deduced by 
reading bands or ladders on a sequencing get; 
and 

(d) sequence information is acquired as the 
reaction proceeds, thus allowing results to be 

. screened during sequencing. 

In another emboc^nent of the present Invention a 
mcKfiflcatton of the sequencing method may be used 
to after or mutagenlze a DNA or RNA sequence at a 
particular nucleotide site within the sequence. 
According to this ernboolment. site-specific mtftV 
agenesis b accomplished as fbibws: trie single-step 
synthesis of a nucleotide strand TOrnpJementarytoa 
template strand is accomplished as descnoed above 
for DNA sequencing, but the template strand has a 
known nucleotide sequence. Since the nucleotide 
sequence of the template Is known, the order of the 
nucleotide precursors to be added step-by-step Is 
known. The synthesis Is stopped at the nucleotide 
residue preceding the residue which Is to be altered. 
The next nucleotide precursor to be added to the 
reaction mixture Is one which cannot be edited out 
by the polymerase under the reaction conditions In 
the chamber, this nucleotide base Is the mutation 
desired in the sequence. Although the nucleotide is 



mis-paired (Le.the base Is not complementary to the 
template strand at that residue) th nucleotide wffl 
be incorporated into the growing strand and wffl not 
be edited out by the template ejected polymerase. 

5 After each desired site-specific mutation is accorn- 
ptished, the synthesis of the remaining portion of the 
DNA or RNA molecule need not proceed In. a 
stepwise fashion, therefore, a0 four activated nucle- 
otide precursors may be added to the reaction 

10 mixture to complete the elongation. 

The reaction chamber and reservoirs used in the 
embodiment of the invention are shnUar to those 
described for DNA sequencing above except that an 
extra reservoir may be required. The site-specific 

15 mutagenesis method of the present tnvenuon. is 
automatable and can be contra 
this case the computer Is programmed to add each 
nucleotide of the known sequence in the proper 
order, to record the instrument reading of the 

20 effluent to ensure each nucleotide is incorporated^ 
to then add the mis-matched analog, ami finally to 
add aB four nucleotides to the reaction mbdttrev. 

4. BRIEF DESCRIPTION OF THE FIGURES ' : 
25 Fig. 1 is a schematic diagram of the difTererrt 

components (not drawn to scale) which may be 
. used In the practice of one emboo3ment of the 
present Invention. 
Fig. 2 is a schematic representation jof the 
30 reaction and sequence of steps which rnay.be 

used for sequencing accor di ng to the present 
invention. 

Fig. 3 is a schematic representation of the 
reaction and sequence of steps which may be 
35 used for site-specific mutagenesis according to 

the present invention. 

Fig. A is a flow chart of a computer program 
that may be used according to the present 
invention. 

40 ' Fig. 5 is a diagram of the reaction chamber 

used In one example of the present invention* 

DETAILED DESCRIPTION OF THE IWENTTON 
This invention presents a new method for se~ 
45 quencfng DNA or RNA which Is automatable and 
does not require the use of racRoactMty or gel 
electrophoresis. In addition, the present invention 
Involves a method for the site-specific rnutagenesis 
of 8 DNA or RNA sequence. 

SO 

5.1. SEQUENCING 

The sequencing method of the invention Involves 
the foBowing: The singje-stranded DNA or RNA 
molecule to be sequenced is primed at a specie 

5$ site with a short oligonucleotide primer. The primed 
• template and a template-directed polymerase are 
placed in a reaction cham ber that allows for 
separation of unreacted nucleotide precursors from 
the primed template and polymerase. If the template 

60 is a single-stranded DNA molecule, a DNA~<ftrected 
DNA or RNA polymerase may be used; if. the 
template is a single-stranded RNA molecule, then a 
reverse transcriptase (Le»» an RNA-cfirected DNA 
polymerase) may be used. 

65 One at a time, a particular activated nucleotide 
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precursor is added to the chamber and allowed to 
react The nucleotides added may be either deoxyri- 
bonucleottdes or ribonucleotides depending upon 
the nature of the template and polymerase used In 
the reaction mixture. For instance, when the tem- 
plate is a single-stranded DMA molecule, the 
polymerase used may be a DNA-directed DNA 
polymerase, in which case the nucleotides added 
should be deoxynt>oriucieotldes. When double 
stranded DNA is used, the polymerase may be a 
DNA-directed RNA polymerase. In which case the 
nucleotides added should be ribonucleotides. Simi- 
larly, when the template Is a single-stranded RNA 
molecule, the polymerase used Is a reverse-tran- 
ecriptase, Le.. an RNA directed DNA polymerase, in 
which case the nucleotides added must be deoxyri- 
bonucleotides. In any case, however, only one type 
of nucleotide is added at a time. For example, either 
dATP, dTTP, dQTP or dCTP Is added to the reaction 
but not a mixture of these deoxyribonucleotides; 
simftarty, either ATP. UTP, GTP or CTP Is added to 
the reaction but not a mixture of these rfbonucteo- 

tf the base of the added nucleotide precursor is 
complementary to the template, te., if the nucleotide 
precursor can form a Watson-Crick type of base pair 
with the template at the site located one nucleotide 
residue beyond the 3* terminus of the primer strand, 
the nucleotide precursor wQl be Incorporated Into 
the growing chain. If the base of the nucleotide 
precursor Is hot cornpteii>entary to the template 
strand at the side located one nucleotide residue 
beyond the 3' terminus of the primer strand; the 
nucleotide precursor wiS not be Iricorporaied into 
the growing chain. After an adequate time is allowed 
for the polymerase reaction to occur the reaction 
chamber is "washed* In order to separate any 
unreacted nucleotide precursors from the primed 
template. Then the wash or effluent Is assayed In 
order to determine the amount of nucleotide 
precursor in the effluent. The methods which may be 
used to detect unincorporated precursors in the 
effluent Include but are not Bmfted to spectroscopic 
methods, such as absorption or fluorescence spec- 
troscopy; radioactive labeling and counting (pro- 
vided the nucleotide prec ur sors are radiolabeled); 
and electrochemical or conductivity methods, 

the process described above can be automated 
as foDows: The reaction chamber can be connected 
to five reservoirs which feed Into the reaction 
chamber, one of which contains the wash buffer 
whereas each of the other four contain a specific 
nucleotide precursor. The reaction chamber should 
also have an outlet valve so that after the addition of 
a particular nucleotide precursor and aBowing for an 
appro pri a te reaction tfane the chamber can be 
washed so that the effluent moves through the outlet 
valve into a flow-ceB of the detecting Installment 
used in the assay. The various components of this 
embodiment of the Invention are IBustrated sche- 
matically in FIG. 1. The reservoirs and detector can 
be attached to a computer that records which of the 
nucleotide bases was added to the reaction cham- 
ber and the detector reading of the resultant 
effluent Ideally, the computer can be programmed 



to noose which nucleotide precursor to fe d Into 
the reaction chamber next and to record th 
nucleotides which were not Incorporated, thus 
ultimately providing a printout of the sequence. 

5 

5.2. SHE-SPECIFIC MUTAGENESIS 

In a second embodment of the present invention, 
a modification of the sequencing method may be 
used as a basis for site-specific mutagenesis of any 

10 nucleotide sequence. According to this mode of the 
invention, a smgle^tranded DNA or "RNA molecule 
having a known sequence which is to be muta- 
genized at a specific site is primed with a short 
ofigonucteotlde primer. The primed template and a 

is template-directed polymerase are placed m a reac- 
tion chamber that allows for separation of unreacted 
nucleotide precursors from the primed template and 
the polymerase. If the template Is a single-stranded 
DNA molecule, a DNA-<flrected DNA or RNA 

20 polymerase may be used; if the template Is a 
sJngle-stranded RNA molecule, then a reverse 
transcriptase (le>. and RNA-dtrected DNA polymer- 
ase) may be usedL 

Each activated nucleotide precursor of the known 

25 sequence Is added to the chamber and aBbwedto 
react The nucleotides added may be etther deoxyri- 
bonucleotides or ribonucleotides depending upon 
the nature of the template and polymerase used In 
the reaction mixture. For instance, when the tem- 

30 plate Is a smgje-stranded DNA molecule, the 
polymerase used would be a DNA-directed DNA 
polymerase. In which case the nucleotides added 
should be deoxyhoonucSeotktes. SimBarty, when the 
template te a single-stranded RNA molecule, the 

35 polymerase used Is a reverse-transcriptasa, te.. an 
RNA-olrected DNA polymerase, in which case the 
nucleotides added must be dec«yrfbonuc!eotides. 
Alternatively, 9 a dooble-stranded DNA template Is 
used that contains a promoter for which a spedfi- 

40 caDy functional RNA polymerase Is available, te-. the 
T7 promoter and polymerase, the nucleotides added 
should be rtt>onuc *e otides. In one embodiment of 
the present Invention, only one type of nucleot ide Is 
added at a time. For example, either dATP, oTTP, 

45 dQTP or dCTP is added to the reaction but not a 
mixture of these deoxynDomicleotldes. SlmHariy, 
either ATP. UTP, OTP or CTP Is added to the reaction 
but not a mixture of these rfoonuc l eotldes. In a 
' second embodiment of the method; the nucleotides 

$0 may be added i4> to three at a time in orto 

up the synthesis, This approach is feasible because 
the sequence of the template Is known. 

An^anadec^oftetiniebaBowedfcrtrrcpo 
ase reaction to occur the reaction chamber Is 

55 "washed" In order to separate any unreacted 
nucleotide precursors from the primed template. 
Then the wash or effluent may be assayed In order to 
determine the presence or absence of the f 10 ^*® 0 " 
tids precursor In the effluent to ensure that the 

60 nucleotide was. In fact, Incorporated Into the 
growing chafe*. The methods which may be used to 
detect unlhcorporatsd precursors In the effluent 
Include but are not fimtted to spectroscopic meth- 
ods, such as absorption or fluorescence spectros- 

6$ copy; radioactive labeling and counting (provided 
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the nucleotide precursors are racfiolab ted); and 
electrochemical or conductivity methods. 

Th stepwise addition and reaction of each 
nucleotide or groups of up to three nucleotides is 
continued and ultimately stopped at the nucleotide 
position which precedes the residue which is to be 
mutagentzed The next nucleotide to be added to the 
reaction mixture b a nucleotide that cannot be 
edited out of the elongating chain by the polymerase 
under the conditions in the reaction chamber. For 
example, the nucleotide may be an analog that 
cannot be etfited but by the polymerase; this analog 
base is the mutation desired in the sequence. The 
analog is Incorporated into the growing chain even 
though the analog base does not form a Watson- 
Crick type of base pair with the nucleotide residue in 
the template to be mutagentzed; and the mis-paired 
analog wffl not be edited out of the growing strand. 
After an adequate time is aSowed for the polymerase 
reaction to occur, the reaction chamber Is washed 
and the effluent may be assayed hi order to ensure 
the ^corporation of the analog. After the desired 
site-specific mutation Is accomplished, the syn- 
thesis of the remaining portion of the DNA or RNA 
molecule need not proceed in a step-wise fashion, 
therefore aH four unmodified nucleotide precursors 
may be a d d ed to the reaction mixture to complete 
the elongation. An example of embodiment of the 
invention Is depicted In FIG. 3. 

Nucleotide analogs which may be used m the 
present Invention include deoxyrSxmucleoside 
*(1-thk>)-trphosphates containing a sulfur atom in 
place of an oxygen atom on the phosphorus. These 
analogs are Incorporated as thtofmmoprrosphates at 
rates stmBar to those of corresponcfing unmodified 
nucleoside diphosphates. However, the phosphoro* 
thtoate bond Is not hydroytzed by the 3* to 5* 
exortucteaseof either E. coll DNA polymerase l orT4 
DNA polymerase, therefore, the incorporation of the 
analog as a rrdspaired base cannot be edited out 
Other analogs may be used in the practice of this 
embodiment of the present Invention* 

The process described above can be automated 
as follows: The reaction chamber can be connected 
to five reservoirs which feed into the reaction 
chamber, one of which contains the wash buffer 
whereas each of the other four contains a specific 
nucleotide precursor, th addition, the reaction 
chamber should be connected to one reservoir for 
each analog. The reaction chamber should also have 
an outlet valve so that after the addition of a 
particular nucleotide precursor and aOowance for an 
appropriate reaction time, the chamber can be 
washed so that the effluent riKivesthrotigh the outlet 
valve into a flow-cell of the detecting instrument 
used in the assay. The reservoirs and assay 
instrument can be. attached to a computer that 
controls the selection of the nucteotiaestobeadded 
In a step-wise manner* records the successful 
incorporation of each nucleotide base added to the 
reaction chamber, and records the assay reading of 
the resultant effluent Ideally, the known nucleotide 
sequence with the desired stte-epecfftc mutation or 
mutations can simply be fed into the computer, thus 
facilitating the process. 



The subsections below describe the invention In 
more detail 

53. THE REACTION CHAMBER AND 
5 COMPONENTS 

The DNA or RNA to be:sequenced serves as the 
template in the polymerase reaction utffized in the 
present invention, therefore the molecule to be 
sequenced should be single-stranded; however, the 
10 template may be inear or circular. Thus, any 
single-stranded DNA or RNA molecule may be 
sequenced according to the method of the present 
Invention. 

Selection of the primer, polymerase and activated 
IS nucleotide precursors used In the practice of the 
present Invention depends upon the nature of the 
template to be sequenced. For example. If the 
template to be sequenced Is DNA. the primer used 
may be DNA, RNA or a mixture of both. The 
2D polymerase used should be a DMA-directed 
rjofymerase. ft a DNA-dlrected DNA polymerase is 
used, then deoxyrlbonucleotide precursors w3! be 
used in the reaction: alternatively a DNA-directed 
RNA polymerase requires ritxmucieotiote precursors 
25 to be used in the reaction. However, if the strand to 
be sequenced Is RNA, the polymerase used should 
be an RNA-dfrected DNA polymerase, m which case 
deoxyribonucteotkte precursors wffl be used in the 
reaction. 

SO In an other embodiment of the invention the 
template can be a double^tranded DNA molecule 
such as a chromosome that- encodes a promoter. 
According to this mode of the invention the 
polymerase should be one that recognizes the 

35 promoter and inmates' transcription of mRNA; 
therefore, the nucleotides used are ribortucieotides! 

in any case, the polymerase used should have a 
high level of accuracy- that Is the polymerase 
should require correct base pairing before polymeri- 

40 zationtoensumar^leveloffideityof the reaction. 
Some polymerases, such as E. cpj) DNA polymerase 
I, have a 5' to 3* exonuelease activity: according to 
one mode of the present knrention, a polymerase 
that is low In the 5* to 3* exonuelease Is preferred. An 

45 example of a polymerase that Is low m the S to 3* 
exonuelease activity b the Ktenow fragment of E.coQ 
DNA polymerase L Other polymerases which maybe 
. used in the practice of the present Irwention mclude 
but are not ftmfted to AMV reverse transcriptase, E. 

SO coll RNA polymerase, and wheat germ RNA 
polymerase D. 

Although the volume of the reaction can vary, in 
the preferred ernbodbnent of the present Invention 
the volume should be less titan one mfiSSter. 

ss . The reaction vessel should be constructed so that 
unreacted nucleotide precursors can be separated 
from the polymerase and reaction products. IdeaOy. 
the reaction vessel is constructed so that each of 
the four nucleotide precursors and one or more 

so wash buffers feed Into the reactton chamber which is 
provided with an outlet that feeds Into the flow cefi of 
an instrument that can be used to assay the 
nucleotides in the wash or effluent. The outlet Is 
closed during the reaction time but opened at the 

65 end of the reactton to aOow displacement of the 
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effluent when wash buffer Is fed Into the research 
chamber. 

Alternatively, the reaction vessel can be part of a 
continous ftow system. In this embodiment the flow 
rate is adjusted such that the nucleotide precursor 5 
Injected upstream of the reaction vessel has suffi- 
cient tfrne in the reaction vessel to react (S ft is the 
next base In the secjuence) with the polymerase and 
nucleotide template, before passing on to the 
detector. 10 

V the reaction Is carried out In a Dquid buffer, then 
a membrane having an appropriate pore size 
Interposed at the outlet valve could be used to retain 
the reaction products and prtyir*eiBse wriBe allowing 
unreacted nucleotide precursors to pass through 15 
with the effluent In this embodiment the pore size 
selected should be large enough to allow the 
passage of the unreacted nucleotide precursors but 
not the primed template of the pclymerase- 

tn another embodiment, the polymerase or the SO 
primed template could be IrnmobBtzed on an 
Insoluble Inert support thus, the potymertzation 
reaction wlB occur on the surface of the Inert 
support. When the primed template Is bnmobiBzed, 
the pore size of the frit Interposed at the outietvaive 25 
need only be smaD enough to prevent passage of the 
support material with the DMA and primer attached. 
Below the outlet vtave would be a molecular trap of 
appropriate sire to retain the polymerase. By 
reversing the flow through this trap, the p^ 30 
could then be passed back through the reactor with 
the next nucleotide precursor to be tried. 

In yet another embodiment, the reaction vessel 
may contain a column packing iroteriai that differen- 
tially' retards the movement of each component In 35 
the reaction mixture. 

The porous membrane may be composed of any 
inert soSd material, such as dialysis membrane 
material, nitrocellulose, or ceButose acetate, to name 
but a few. 40 

5 A SELECTION OF NUCLEOTIDE PRECURSOR TO 
BE ADDED TO THE REACTION MIXTURE 
• The polymerization reaction of the present inven- 
tion should proceed synchror^^ 
tiafly aB of the primer ends have been elongated to 
the same position. Various precautions and ap- . 
proaches may be taken to ensure that each step of 
the reaction goes to completion and to minimize the 
" background or noise reading obtained. so 

5A1. SEQUENCING 

In the preferred embodiment of the method for 
sequencing DNA, a known excess of the nucleotide 
precursor b added to the reaction chamber, afiowed 55 
to react and then flushed past a detector. The 
number of sequential bases Incorporated is deter- 
mined accoidir*} to trie re^ 
detected m the effluent For example. If four 
equivalents (relative to the rriolar amount of DMA In CO 
the reaction chamber) of dATP was added and the 
Integration of the effluent signal Is 5CWb of what 
would be expected for that amount of dATP. it can 
be concluded that two sequential *A" nucleotides 
were Incorporated. This technique serves to both 65 



indicate repeated nucleotides in the sequence and 
to shorten the reaction time. 

In the preferred embodiment of the method for 
sequencing DNA* "mistakes" or primer strands that 
are not synchronously elongated are carried along 
with each addition of a nucleotide precursor for 
rectification when deemed necessary because of a 
deteriorating s^piaJrto-nolse ratio, so as to minimize 
the backr#widabso*taance of the effluent. This may 
be accompBshed by the proper selection of the 
appropriate nucleotide to be added to the reaction 
mixture for any one step, in one ernbodiment, in 
order to carry along mistakes the penultimate 
nucleotide that was successfully incorporated into 
the primer strand should be the next nucleotide 
precursor added to the reaction mixture, tf after 
washing and assaying the effluent It Is determined 
that the nucleotide precursor was mrt Incorporated 
Into the elongated primer strand; then each of the 
other three nucleotides may be tried, one at a time. 
In arry- order. When the slgnaMo-nolse ratio gets too 
high the accumulated noise can be corrected by 
adding the last nucleotide sucx^essfufly lrkx>rporated 
tyito the etof inating? ^4r«»ndL This process ts repeated 
whenever required, until the entire sequence Is 
obtained. For example, if the sequence obtained 
using the method of the present invention Is 
. determined to be "ATGCTA*. the nucleotide precur- 
sor that should be added in the subsequent trial Is 
dTTP. Thus, If some of the primer strands had not 
previously been elongated up to the fifth nucleotide 
T, and they are therefore two nucleotide residues 
shorter than the rest of the pri mer s trands In the 
reaction mixture, the addition of dTTP wffl carry the 
shorter primers along so that they wffl always be one 
nucleotide shorter titan the majority of the primer 
molecules In the population; as a result, the 
"mistakes* wtt be carried along for eSmmating when 
necessary. La., when the background or noise levels 
are too high. The mistake can be corrected in the 
example above- by then repeating the addition of 
dAPT. 

m ah alternate ernbodiment of the method for 
sequencing DNA of the present mventidn. after each 
Incorporation of a nucleotide precursor an eridroonaJ 
quantity of the same precursor b added to ensure 
that at the primer ends have been elongated to the 
same position. This procedure is repeated untB the 
entire sequence Is obtained. 

5.4.2. SITE-SPECIFIC MUTAGENESIS 

Smce the sequence of the DNA or RNA template 
Is loiowa the riuciectlofe precursors 
proper sequence in sufficient excess and for 
sufficient time to ensure complete reaction. The 
nuc le o tid e precursors can be added one at a time, 
as In the program reproduced In the example, or up 
to three nucleotide precursors can be added at a 
time. 

For example, for the synthesis BJustrated in FIG. 3, 
the base that would normally fit In the site to be 
modified Is a *C\ To a solution of the template, 
primer and polymerase are added excess amounts 
of dTTP and dATP. After the unreacted precursors 
are flushed out, an excess of dCTP Is added to 
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complete the synthesis through the third base. After 
the dCTP has been flushed, excess amounts of 
dGTP, dATP end dTTP are added to take the 
synthesis up to the site to be modified. 

Alternatively, a system with the DNA template and 5 
primer immobilized on an insotubte inert support te 
employed in which the polymerase is passed 
through the reactor with the nucleotide precursor, 
and the poiyrnerase Is retained in a molecular trap 
below the outlet vahre of the reactor. During the 10 
synthesis of the portion of the strand before the 
nucleotide to be rnodifled, the porynterase is 
recycled by back-flushing the trap. At that point 
however, an error-prone polymerase (that is, one 
with no rjroof -reading function, such as avian 15 
rrryeloblastorna virus polymerase) is used with one 
equivalent of the nucleotide precursor to be Incor- 
porated. After the error-prone polymerase fcs flushed 
from the reactor, the synthesis sequence continues 
with the appropriate nucleotide precursors and the 20 
recycled fUgr*fldelfty polymerase. 

S3. DETECTION OF UNINCORPORATED 
NUCLEOTIDE PRECURSORS IN THE EFFLUENT 

Any quantitative assay for nucleotides may be 25 
used to detect the uritocbrporated nucleotides in the 
effluent Some methods which may be used to 
detect unincorporated precursors in the effluent 
include but are not Bmfted to s p ec tro scopic meth- 
ods, such as absorption or fluorescence spectres- SO 
copy; radtoecthm tabefttg and counting (provided 
the nucleotide precursors are rac5oJabefed); and 
etectrochemical or conductivity methods. Some of 
these methods are discussed in more detafl below. 

3S 

55.1. ABSORPTION SPECTROSCOPY 

Since nucleotides absorb Bght In the uttravtolet 
range (e.g. at a wavelength of 254 nm or a range of 
250 to 280 nm), the. amount of ab s orbance of the 
effluent In the ultraviolet range can indicate whemer 40 
or not the specific nucleotide added to the reaction 
chamber was ira»rporated Into the growing nucleo- 
tide chain. More specifically, absorbance of the 
eflkientcomeiates Inversely 

nucleotide precursor into the growing nucleotide 45 
chain. That is, if the nucleotide precursor was 
incorporated into the growing nucleotide chain, then 
less nucleotide w81 be present In the effluent and the 
absorbance of the effluent wDI register at a corre- . 
spondtogly tower level (Le^ there w9 be less SO 
Increase in the absorbance reaolng}. If the nudeo* 
tide precursor was not Incorporated Into the growing 
cham, then aft of the added nucleotide wffl be 
washed out wfth the effluent and the absorbance of 
the effluent wiB Increase, ta other words, the relative ss 
absorbance of the effluent Indicates whether Ihe 
specma nucleotide precursor added to the reaction 
chamber was incorporated into the chain and 
therefore Is. the next base of the nucleotide 
sequence. An example of the steps of this ernbooS- go 
merrt the presetit ImwrtDm 
caDylnRa2.laValfrtrteeJong^ 
in a synchronous fashion. 

According to one enibocflrnent of the present 
Invention, absorbance of the effluent can be 65 



measured at a wavelength of 254 nm, Each nucleo- . 
tide precursor has Its own specific absorption" 
maximum the wavelength of maxtmum absorp- 
tion), however; as a result the absorbance of the 
effluent could be reset at the spectik? wavelength 
absorption maximum for each nucleotide precursor 
added when reading the effluent from that particular 
reaction. 

In another embodiment of the present Invention, 
the effluent can be passed through a detector, caff 
coated on one side with an ©urrdnated fluorescing 
material that Is excited at a wavelength absorbed by 
the nucleotides. The presence of nucleotides In the 
effluent can thus be detected by the quenching of 
the fluorescence. 

53.2. DETECTION OF LABELLED PRECURSORS 
The nucleotide prec u rsors can be labeled wfth an 
appropriate radioisotope as **P. 3 H, or «S (beta- 
emrtters), or 13, l (a gamma-^rnftter ), The effluent 
can be assayed tor the presence of the radiolabeled 
precursor using any appropriate detector, preferably 
equiprjedwrtii a tiow^ce&l^ exam 
ment of beta-actfvtty can be accomplished by 
Instruments which employ gas ionization methods 
a Oeiger-Mufler co u n te r of srimlBation count- 
ing. SlmBarly the measurement of ganvna activity can 
be detected and counted by means of comrnercially 
avaSabie gamma counters. 

SJSJ3. ELECTROCHEMICAL DETECTION 

Bectrcchemicai detection Involves applying an 
electric potential across a flow cell In a manner that 
win induce oxidations or reductions of chemicals 
mat can undergo these reactions. 

55.4 CbNDAK^IVTTY DETECTION 

Conductivity detection involves measuring the 
resistance of a solution In a flow cell to an appfled 
electric potential Very slight changes In the solute 
concentration can cause a detectable change in the 
resistance of the solution. 

5.6. AUTOMATION AND USE OF THE COMPUTER 

IdeaBy the method of the present Invention can be 
automated and regulated by a computer that b 
p ro gram med to control the selection and addition of 
the precursors; record the absorbance reading 
obtained for the effluent from each added nucleo- 
tide, as wefl as print out the sequence thus obtamed. 
A flow chart of such a program b represented fan 
FIOL 4. According to the scheme presented In FIG. 4, 
the successful incorporation of a nucleotide Is 
followed by the addition of the penuflftnate nucleo- 
tide precursor as described in Section 5.4. 

The first example refers to the use of the reactor 
represented In FIG. 5 connected to a high pressure 
Squid chromotography pump and ultraviolet detec- 
tor. The pump* switching valves, and Injector are 
controSed by a dedicated computer which executes 
programs written In the basic lariguao*, stich as the 
one reproduced to the second example. 
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& EXAMPLE: DETERMINATION OF SEQUENCE OF 
AN OUGONULEOTTDE 

The reaction vessel was charged, through the 
opened load bote, with 200 ul of M13 Mp10 DNA 
with hybridized 17-base primer. The vessel was 
sealed and washed with buffer untfl the OD254 
readings stabUtzed. The first base that was tested for 
incorporation was of QTP. After Incubation, Integra- 
tion of the OD254 reading of the effluent fruficated 
that .07 nmoles of dQTP had been Incorporated. An 
additional Incubation with dGTP yielded no further 
Incorporation. Reaction with excess dCTP and 
Integration of the OD254 reading of the effluent 
denoted the Incorporation of .16 nmoles of dCTP. 
The solution In the reaction vessel was then 
recovered and It was determined that approximately 
.11 nmoles of DNA were present 

It was concluded that the primer strand had been 
elongated by one G, followed by two Cs; therefore 
the sequence of the first three nucleotides past the 
primer sequence of the template strand was CGG. 

7. EXAMPLE: THE COMPUTER PROGRAMS USED 

In the sequencing program that fbBows. the 
•SEQ* program establishes the basic operating 
parameters for a sequencing run. The operator Is 
first given the choice between automatic or operator 
control: If the automatic option Is chosen the next 
decision b whether or not the noise efirnmatfon 
route wffl be used and, ff so, after how many bases 
have been processed. In an automatic run ft Is 
essential that the rotary valve ininafly be correctly 
positioned; therefore an encouraging prompt is 
placed on the screen for the operator to check the 
valve setting. 

Additional operating parameters are now exam- 
ined and may be changed by the operator: (1) wash 
flow rate; (2) load flow rats; (3) reaction flow rate 
(usually zero); (4) travel urns to reactor; (5) reaction 
time; (6) threshold Omits to determine base usage; 
(7) overall run time. These values may then be 
printed on hard copy 9 desired. The program now 
exits to program *W\ The *W p rogram starts 
washing the system whSe also establishing a data file 
to store the sequence as It Is determined. "W then 
caBs op the *LAT* program which Is responsible for 
Infecting, incubating, and evaluating the uptake of 
dATP* *LAT first reduces the flow to the load flow 
rate and sets the injector to load. It then sets the 
rotary valve to load dATP. The analysis file "A" Is then 
cafied up to help control the run and acquire the - 
data. Rrst the aDquot of dATP Is Injected and travels 
to the reactor where His Incubated for the time set in 
"SEQ". Simultaneously the rotary valve Is set to 
wash. After incubation, the reaction vessel Is 
washed Into the monitor, and absorption peak 
integration and evaluation begins. The results of the 
run are cfisptayed on the screen. .If Incorporation 
occurred, the base is entered into the data f3e; If not 
the next base to be tested b determined. If no 
successful base incorporation has yet occurred me 
bases are simply tried in the order A, C, G and T. If 
there has been a previous Incorporation the next 
base to be tried wffl b the penultimate one 
incorporated. This allows f r any incompletely 



stepped chains to be carried one step behind the 
current succe s s f ully Incorporated base. As deter- 
' mined in the *SEQ" program, these Incomplete 
chains can be brought Into phase by repeating; the 
5 last Incorporated base after trying the penuttfrnately 
Incorporated base. 

The mutagenesis p rogr am controls the sequential 
addition of nucleotide precursors .to the growing 
nucleotide chain to a manner simflar to the sequenc- 

10 Ing procedure. Instead of the sequence of base 
addition being Determined by ^corporation, hew- 
ever, the addition of bases is regulated by the 
sequence Inputed by the user. The program sequen- 
tiafly adds the proper bases up to the point for 

15 mutagenesis, at which point the mutagenizlng base 
Is added: After its bicorporatlon afl the bases are 
added and repBcation goes to completion. 

7.1. THE SEQUENCING PROGRAM 
SO BASIC: SEQ 

1 PRINT •COPYRIGHT 1985 DR. ROBERT J. ME- 
LAMED E* 

2 FOR Y-1TO100 

3 NEXT Y 

25 5 PRINT #P/COPYRIGHT 1985 DR. ROBERT J. 

MELAMEDE" 

10 CLEAR 

12A»0 

13 Z-0 
30 14 Q$«tT 

15 P$«TT 

16T$«tT 

17 INPUT TSTHIS A MANUAL INJECT TEST RUN "T$ 

18 FT$«-Y-GOTO30 

35 19 INPUT "DO YOU WISH TO ACTIVATE NOISE 
' ELAflNAHON PROCESS*N$ 

20 IF N$ ~ nriNPUT *HOW MANY BASES BEFORE 
NOISE BMBNIAT10N~N1 

30 PRINT "DATP- 4*1 DCTP- #2 DGTP « 4* 3 
40 DTTP-#4 WASH~#6 f&5T 

40 PRINT TX> YOU WISH TO STEP THE VALVE?" 
50 INPUT S$ 

60 IF S$-tr THEN GOTO 145 

70 IF S$-"YTHEN 80 
45 80 XCOM lOFF ' 

90XCOM 20N 

100 FOR Y-TTO100 

110NEXTY 

120 XCOM 20FF 
SO 130 XCOM ION 

140 GOTO 40 

145 CLEAR 

150 PRtNTTO CHANGE THE DEFAULT VALUES ( ) 
OF CONTROL VARIABLES* 
<55 160 PRINT* ENTERYFOU^CVVED BY RETURN* 
185 PRINT 

170 W PUT *DO YOU WANT TO CHANGE THE WASH 
FLCWRATE (-5>*Y$ 
180 IF Y$»*Y*THEN GOTO 200 
€0 190 IF Y$-*N* GOTO 220 

200 INPUT "ENTER THE NEW WASH FL0WRATE*W 
210 GOTO 230 
220 W--5 

230 INPUT *DO YOU WANT TO CHANGE THE LOAD 
€5 FLOWRATE <JZ)*Y$ 
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5004 PRIMT *WASH TtME»1* 

5005 print •mutational reaction time ~ sr 

5006 PRINT •COMPLETION REACTION « 10" 

5010 INPUT "IF YOU WANT TO CHANGE ANY OF . 
THEM ENTER VY$ 
5Q2D1F Y$«r*YTHEN5035 
5030 GOTO 9 
5035 CLEAR 

5040 PRINT TO CHANGE DEFAULT VALUES 
ENTER Y & RETURN* 

5050 INPUT nX) YOU WANT TO CHANGE THE 

FLOW RATE (2)*Y$ 

5055 F-2 

5066 T-.1 V 

5060 IF Y$«=»*Y*THEN 5080 

5070 GOTO 5140 

5080 INPUT *ENTER NEW FLOWRATE"F 

5090 PRINT THE PRODUCT OF FLOW- . 

RATETRAVEL TIME MUST EQUAL* 

5100 PRINT THE REQUIRED LOADING VOLUME 

THIS WILL AUTOMATICALLY" 

5110 PRINT " ALTERED* 

5120 T-^F 

5121 PRINT THE NEW TRAVEL TBrtE VALUE 
IS";PRWrT 

5140 INPUT -DO. YOU WANT TO CHANGE REAC- 
TION TIME (2)T$; 
5145 fl»2 

5150 IF Y$™*YTHEN 5170 
5160 GOTO 5180 

5170 INPUT -ENTER THE NEW REACTION TIME 
VALIMTR * 

5180 INPUT -DO YOU WANT TO CHANGE WE 
WASH TIME (1)"Y$ 
5190 W-2 

5200 IF Y$«TTHEN 5220 
5210 GOTO 5230 

5220 INPUT -ENTER THE NEW WASH TIME 
VALtiE-W 

5230 PRINT "DO YOU WANT TO CHANGE THE 
MUTATIONAL REACTION TIME* 
5240 INPUT.- {2)"Y$ 
5250 M-2 

5260 IF Y$-*Y-THO* 5280 
5270 GOTO 5290 

5280 INPUT -ENTER NEW MUTATIONAL REACTION 
TtME-W 

5290 PRINT -DO YOU WANT TO CHANGE THE 
COMPLETION REACTION* 
5300 INPUT * TIME|10)*Y$ 
5310 F- 10 

5320 IF Y$ « -Y-THEN 5340 
5330 GOTO 5400 

5340 INPUT -ENTER NEW REACTION COMPLE- 
TION TIMET 

5400 PRINT #P t -FLOW;F 

5410 PRINT #P t TRAVEL T1ME";T 

5420 PRINT * P.-REACTION TIME*^ 

5430 PRINT #fVWASH TttlE"^¥ 

5440 PRINT 4tP.*MUTAT10NAL REACTION T1ME*M 

5450 PRINT #P/COMRJETK>N REACTION TTME*F 

5450 GOTO 9 



Claims 



.30 



.75 



20 



30 



35 



45 



50 



55 



60 



65 



1. A method for determining the base 
sequence of nucleotides comprising: 

' (a) adtfng an activated nucleoside 5'-trt- 
phosphate precursor having a known nl- 
trogenous base to a. reaction mixture 
comprising a template-directed nucleotide 
polymerase and a smgte-stranded polynu- 
cleotide template hybridized to a com- 
plementary oDgpnucieotide primer so .that 
the primer Is at least one nucleotide' 
residue shorter than the template at .the 
3'-end of the primer under reaction condi- 
tions which aBow incorporation of the 
activated nucleoside oMriphosphate pre- 
cursor onto the primer at the 3'-end of the 
primer provided the nitrogenous base of 
the activated nucleoside 5Mriphosphate 
precursor Is cornptementary to the- ni- 
trogenous base of the unpaired nucleotide 
residue of the template; and 

(b) detecting whether or not the nucleo- 
side 5'-triphosphate precursor was Incor- 
porated Into the primer strand. 
Z, The. method ac c ordi ng to claim 1 in which 
the detection of Incorporation of the activated 
precursor Is accomplished by: 

(a) separating unirtcoiporated nucleo- 
side SMrfcbosphate precursors from the 
reaction mixture; and 

. (b) detecting the presence or absence 
.of the urtlricorporated nucleoside ^-tri- 
phosphate precursors In the separated 



3L The method according to cfeurn 2 in which 
the presence or absence of the separated 
unincorporated nucleoside 5Mrlphosphate pre- 
cursor Is detected by absorption spectroscopy. 

4* The method according to claim 3 In which 
the absorption wavelength is in the ultraviolet 
range. 

5. The method according to claim 2 In which 
the presence, or absence of the separated 
unincorporated nucleoside ^triphosphate pre* 
cursor Is detected by fluorescence spectros- 
copy- - 

6. The method according to claim 1 1n which 
the detection of irreorporation of the precursor 
is accomplished by: 

(a) separating unincorporated nucteo- 
. side ^-triphosphate precursors from the 

reaction mixture; and 

(b) detecting the presence or absence 
of the separated u ninc or porated nudeo* . 
side ^-triphosphate precursor electro- 
chemically. 

7. The method according to dalm 2 In which 
the activated nucle oside 5* -triphosphate pre- 
cursor Is ratfotabeted and the presence or 
absence of separated unincorporated radio- 
labeled nucleoside cMriphosphate precursors 
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Is detected by radioactive counting. 

8. The method according to cWm 1 or 2 in 
which the template comprises DNA, the nudeo- 
tfde polymerase comprises a DNA-cfirected 
DNA polymerase, and the activated nucleoside 
^-triphosphate precursors comprise deoxyrt- 
bomideosSde SMj IpJ lospl late precursors, 

9. The method accor ding to dalm 1 or 2 In 
which the template co mprises DNA, the nucleo- 
tide polymerase comprises a DNA-dfrected 
RMA polymerase, and the activated nucleoside 
5'-triphbsphate precursors compri se rft>onucte- 
osf de SMriphosphate precursors. 

10. The method according to claim 1 or 2 In 
which the template comprises RNA, the nucleo- 
tide polymerase comprises ah RMA-drected 
DMA polymerase and the activated nucleoside 
5*-triphosphate precursors comprise deoxyrt- 
bonudeosf de 5Mrip*K>sphate precursors. 

11. A method for the sfte-specffic mutagenesis 
of a nucleotide, comprising: 

(a) adding an activated nucleoside ^-tri- 
phosphate precursor having a known .ni- 
trogenous base to a reaction mixture 
comprising a temptate~<Brected nucleotide 
polymerase and a single-stranded polynu- 
cleotide template having a known se- 
quence hybridized with a primer that is at 
{east one nucleotide residue shorter than 
the template at the 3*-end of the primer 
under reaction conditions which allow 
Incorporation of the activated nucleoside 
5*-triphosphate precursor onto the primer 
at the 3'-end of the primer provided -the 
nitrogenous base of the activated; nucleo- 
side SMripbosphate precursor is com- 
plementary to the nitrogenous base of the 
unpaired nucleotide residue of the tem- 
plate; and 

(b) detecting the incorpor at ioh of the 
^-triphosphate precursors by separating 
any urrincorporated precursor from the 
reaction mixture and dele c tin g the relative 
amount of iinincorporated nucieotkles in 
the separated component: 

(c) repeating steps 11(a) and 11(b) untfi 
the primer Is elongated up to the nucteo- 
tide residue on the template preceding the 
residue which Is to be rnutagenlzed ; 

(d) adding an analog of a nucleoside 
^-triphosphate precursor having a base 
comprising the desired mutation which will 
mis-pair with the template under comfi- 
tons which aSow incorporation of the 
analog Into the primer strand; and 

(e) detecting the ^corporation of the 
analog by separating any unmcorporated 
analogs from. the reaction mixture and* 
detecting the relative amount of unincor- 
porated analogs in the sepa r ate d compo- 
nent; and 

(f) adding activated nucleoside 'Sf-tor 
phosphate precursors comprising a mix- 
ture of an four bases t the reaction 
mixture so that the synthesis of the 



mutagenlzed nucleotide Is completed. 
12. The method according to claim 11 m which 
the analog of! the nucleoside 5^-tnphosphate ' 
comprises a nucleoside (1-truoHrtphosphate. 
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(g) Thte Invention relates to a method for o^errnming the 
nudeotioe sequence of DNA and RNA molecules. The method 
is automatable and avoids the use of radioactive labels and gel 
electrophoresis. The method b also adaptable for introducing 
stte-specirfe mutations in DNA and RNA molecules. 
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